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Creating thin magnetic layers at the surface of Sb2Te3 topological insulators
using a low-energy chromium ion beam
Abstract
The surfaces of Sb2Te3 topological insulator crystals were implanted using a 40 keV chromium ion beam.
To facilitate uniform doping, the Sb2Te3 was passivated with a thin TiO2 film before the implantation step.
The resulting chemical structure was studied using atomic-resolution transmission electron microscopy.
A fluence of 7 × 1015 ions/cm2 at 40 keV lead to amorphization of the Sb2Te3 surface, with chromium
predominantly incorporated in the amorphous layer. Heating to 200 °C caused the amorphous region to
recrystallize and led to the formation of a thin chromium-rich interfacial layer. Near-edge x-ray absorption
spectroscopy indicates a uniform valence state of Cr3+ throughout, with no evidence of metallic
clustering. High-temperature superparamagnetic behavior was detected up to 300 K, with an increased
magnetic moment below 50 K.
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ABSTRACT

The surfaces of Sb2Te3 topological insulator crystals were implanted using a 40 keV chromium ion beam. To
facilitate a uniform doping, the Sb2Te3 was passivated with a thin TiO2 film before the implantation step. The
resulting chemical structure was studied using atomic-resolution transmission electron microscopy. A fluence of 7
× 1015 ions/cm2 at 40 keV lead to amorphisation of the Sb2Te3 surface, with chromium predominantly incorporated
in the amorphous layer. Heating to 200 °C caused the amorphous region to recrystallize and led to the formation of
a thin chromium-rich interfacial layer. Near-edge X-ray absorption spectroscopy indicates a uniform valence state
of Cr3+ throughout, with no evidence of metallic clustering. High-temperature superparamagnetic behavior was
detected up to 300 K, with an increased magnetic moment below 50 K.

In the past decade, elegant methods emerged to classify electronic band structures using a scheme
based on topological invariants. One outcome was the discovery of the topological insulator which is an
unusual type of solid that is characterized by having a bulk band-gap in conjunction with gapless metallic
states at the surface1. In three-dimensional topological insulators (TIs) such as Sb2Te3, the surface states
(SS) act as the domain boundary between the topological and non-topological electronic phases in the
crystal and vacuum respectively1. Similar states also exist at the interface of a TI with ordinary
“topologically-trivial” insulators (e.g. TiO2)2. These gapless states offer unique properties3,4 featuring a
Dirac-like dispersion, as found in graphene, together with an exotic helical spin-texture that offers
protection against a variety of electron scattering mechanisms. This presents an attractive avenue for
1
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electronics that minimize wasteful heat dissipation3,4. Numerous experiments using angle-resolved
photoemission spectroscopy have observed these Dirac states in vacuum5, however, they remain
challenging to isolate in real-world transport devices because of issues with band-bending, passivation
and bulk leakage currents. To address these problems, doping methods have been intensively explored to
modulate the Fermi level6, to allow for defect compensation7, to achieve p/n junctions8, and to enable
magnetic9 and superconducting surfaces10. Although there has been steady progress, the standard chemical
methods are complex and do not allow for accurate spatial placement of the dopant, which is an important
prerequisite for scalable circuitry. For accurate lateral and vertical dopant placement, industrial work on
semiconductor surfaces has relied on ion beam implantation since the 1970s11. However, there are very
few studies of implantation in topological insulators. To achieve ideal chemical doping, it is generally
desirable to remove residual defects introduced by the implantation process using a post-implantation heat
treatment. In some cases, however, the ion implantation process can be used to generate desirable,
functional defects (e.g. the nitrogen vacancies in diamond) to perform defect-engineering with a high level
of spatial precision12. Recently, a theoretical work proposed that ion beams provide some additional
opportunities to engineer topological transport by introducing a disordered layer of depth (d) near the
surface that acts to trap the surface states, reposition the SS spatially, and enhance the in-gap density of
states to produce control points ideal for gating13. This concept relies on tuning the disorder field to a
high value to approach a quantum critical point.
To date, however, there is very little direct experimental information about the nature of disorder
caused by ion beams in the delicate van der Waals (vdW) TI structures, and only a handful of articles are
available as summarized below. Earlier work by Zhang et al. reported that it was advantageous to use a
SiO2 buffer layer to protect Sb2Te3 films before implantation with silicon ions at 50 keV to improve phasechange memory properties14. Later, Sharma et al. demonstrated p-type doping of Bi2Se3 using calcium
ions at 200 keV into single crystals buffered with a 100 nm thick layer of Al2O3 and reported that no
amorphous layer was formed at fluences of up to 1x1017 ions per cm2,15. β-NMR studies using Li-ion
beams implanted into the bare surfaces of BixSb1-x16, Bi2Se3 and Bi2TeSe17 chalcogenides showed that Li+
can be implanted at keV energies within tens of nanometres of the surface and the smaller ion intercalates
into the vdW gap where it undergoes diffusion at room temperature. Leedahl et al. reported that implanting
transition metals (Fe, Cr, Mn, Ni) at a moderate fluence (1x1017 ions per cm2) at 30 keV into bare Bi2Te3
surfaces leads to stable substitutional doping in the majority of cases18. So far, however, there has been
no demonstration of transition-metal implantation at shallow depths in the near-surface region (0 – 40 nm)
of Sb2Te3 topological insulators, which is a prerequisite for surface-state engineering. One attractive
2
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species for this purpose is chromium (Cr) since doping is known to lead to the onset of a magnetic order
that introduces a gap in the topological surface states and potentially allows for the (quantum) anomalous
Hall effect9. In thin films grown by molecular beam epitaxy (MBE), it is possible to achieve high Cr(V)
doping concentrations in Crx (Sb,Bi)2-xTe3 with 0.1 < x < 0.35 having atomic percentages > 10%.
However, in conventional single crystal growth, it is difficult to achieve uniform substitution above
x=0.0519, and consequently, the Curie temperature is very low (5 < TC < 20 K) because Tc scales linearly
with x20. To investigate the possibilities offered by Cr-implantation, we therefore conducted experiments
on Sb2Te3 single crystals.
The central finding of this work is that implantation at high Cr fluences is possible in the Sb2Te3
crystals provided the crystals are coated with an oxide layer. As in the previous work2,15, this acts to
reinforce the surface against flaking and absorbs a large fraction of the ion beam induced damage. Figure
1a-c) summarizes the steps used in the three-step synthesis procedure. Firstly, the Sb2Te3 crystals were
grown using a melt-based method, as previously described in Ref21, and cleaved to reveal large-diameter
(001)-orientated surfaces of ~ 5x5 mm2 in area. Crystals were ultra-sonicated in isopropanol to remove
residual dust. TiO2−δ films (10 nm) were deposited using a viscous flow atomic layer deposition (ALD)
reactor (ASM Microchemistry F-120) at 393 K to provide conformal amorphous thin films by exposing
the crystals to sequential pulses of TiCl4 (0.4 s) and H2O (1.0 s) in N2 carrier gas. Selected crystals were
subsequently implanted with Cr ions using an ion implanter equipped with a metal vapour vacuum arc
(MEVVA) ion source.22 A 40 keV ion beam was used, and the applied implantation fluence was 7 × 1015
ions per cm2. To prepare the cross-sections for TEM, a HELIOS Nanolab G3 instrument was used, by
applying protective carbon coating and followed by focused-ion beam treatment using a 30 keV Ga beam.
Figure 1d) shows a scanning transmission electron microscopy (STEM) image of the cross-section of
TiO2-coated Sb2Te3 crystal implanted with a fluence of 7 x1015 Cr ions per cm2. This is taken in high angle
annular dark field imaging mode (HAADF) such that the intensity originates from the atomic-number
(approximately proportional to Z2), and consequently the low-Z titania appears as a dark region and the
Sb2Te3 as light. Monte Carlo calculations using Stopping Range of Ions In Matter (SRIM) code23 (Figure
1 e) indicates that the average penetration depth of the Cr-ion is 30 nm, such that the majority of Cr are
transmitted through the TiO2 layer. Energy-dispersive X-ray spectroscopy (EDS) was conducted in the
STEM (Figure 1 f) and confirms a chromium profile in reasonable agreement with the Monte Carlo
simulations. High-resolution STEM bright field imaging illustrates that the implanted Sb2Te3 surface layer
is converted to an amorphous state from the ion beam-induced damage (Figure 1 f). The SRIM damage
calculations indicate that the amorphous region occurs where the calculated displacement per atom (DPA)
3
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exceeds an average of 1 DPA. Removing the crystal order is a known strategy to increase the bulk
resistance of Sb2Te3 in phase-change devices; however, the topological surface states are generally
believed to require a crystalline symmetry. Consequently, we explored methods to recrystallize the surface
region using heat treatment methods.
As the melting point of Sb2Te3 is low (620 °C), there is a limited temperature window for hightemperature annealing. Heating was initially performed in-situ in a TEM on a hot-stage at increments of
50 °C apart, with an average ramp-rate of 10 °C / minute between the steps. Heating to a moderate
temperature of 200 °C proved to be sufficient to observe the onset of recrystallization in the surface region.
Figure 2 shows the sample after in-situ heating to a maximum of 250 °C and subsequent cooling. From
STEM images, the fringes corresponding to the vdW gap between the Sb2Te3 quintuple layers are
observable all of the way up to the surface. Away from the surface, higher-resolution imaging (Fig. 2
inset) shows the clear details of the quintuple layers (QLS) in Sb2Te3 layer, confirming the (001) direction
is normal to the surface, and the images are taken with the electron beam parallel to the (120) projection
in the hexagonal representation. Although crystallinity is restored in the region that was initially
amorphous, there is evidence of localised disorder in the lattice planes which appear to include dislocations
(e.g. the white white line).
Ex-situ heating was then performed on mm2-sized specimens in a 1 atmosphere of nitrogen up to
250 oC for 2 hours. The STEM image of the nitrogen-annealed Sb2Te3 is shown in Figure 3a, indicating
crystallinity up to the TiO2 interface. Unlike the in-situ heated STEM flake, discussed previously, the
single crystal section appears to be free of dislocations and stacking faults. The atomic percentages of the
local chromium concentration were extracted from EDS mapping overlayed in Figure 3b, showing that
the peak Cr concentration (20 atomic %) straddles the Sb2Te3/TiO2 interface for a thin region (~ 3 nm),
whereas the doping concentration of Cr 5 nm below the interface is approximately 5 atom percent. Based
on these results, it is possible that the Cr diffuses towards the interface during heating, and that the TiO 2
coating partially traps Cr. Near edge X-ray absorption fine structure (NEXAFS) spectroscopy at the Cr
L2,3 edges was performed at the Australian Synchrotron to analyse the valence state of the transition metal
using surface-sensitive total electron yield (TEY) and bulk-sensitive fluorescence yield (FY)
measurements. Cr signals were observed in TEY and FY modes for the heat-treated implanted
TiO2/Sb2Te3 and are plotted in Figure 3d, along with reference spectra for Cr oxide and chromium metal
taken from Ref24. The presence of a multiplet of peaks at the Cr L2,3 edges is an unambiguous indicator of
high oxidation state, such as Cr3+, because neutral transition metals present a single featureless peak18.
The overall similarity of the TEY and FY signal suggests uniform doping up to a depth of tens of
4
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nanometres comparable with the depth of Cr distribution. The absence of a detectable metal fraction of Cr
in the Sb2Te3 is quite different from implantation studies in other dilute magnetic semiconductors which
reported that frequently Co0, Mn0 and Cr0 states are formed owing to ultra-small metallic clusters25. The
presence of a high oxidation state suggests that the Cr acts as a substitutional dopant within the Sb2Te3
and TiO2.
Additional insight into the local chromium state can be provided by magnetometry. CrxSb2-xTe3 is
generally ferromagnetic, whereas both Cr2O3 and Cr3O4 are both antiferromagnetic and Cr1-xTixO2 is
generally paramagnetic. Vibrating sample magnetometry (VSM) measurements were performed on a
Quantum Design Physical Property Measurement System (PPMS) for the unimplanted and heat-treated
implanted crystals between 3 – 300 K. Figure 3c shows the strong diamagnetic signal for the unimplanted
Sb2Te3 resulting in a negatively sloped, linear response characteristic of the bulk crystal.

After

implantation, a small positive non-linear signal from the implanted region becomes superimposed on the
diamagnetic response. There is no observable coercive field within the instrument resolution (<10 Oe) at
any temperature. However, there is an observable increase in the magnetic moment below 50 K.
Measurements, both in-plane and out-of-plane, yielded similar results. As the diamagnetic response of
Sb2Te3 is itself temperature-dependent, and a fraction of the Cr is in the TiO2 layer, it is impossible to
isolate the response of the Cr species purely in the Sb2Te3 region. However, by using the control
measurement normalized by mass to subtract the Sb2Te3 diamagnetic susceptibility at the same
temperature, and correcting for sample area, it is possible to estimate the total moment associated with
each Cr dopant using the formula < 𝑀 > =

𝐶𝑀𝑇
𝐹𝐴

where MT is the total moment after diamagnetic

subtraction (in emu units), F is the ion fluence (in ions/ cm2), A is the area and C is a constant of
proportionality given as 9.274x10-21 µ B emu-1. Using this approach, the average moment approaches 1.5
µ B per Cr ion (inset Fig 3 c). This is much higher than in antiferromagnetic CrO phases, however, it is
slightly lower than the Hund’s rule expectation value for a fully-ferromagnetic Cr3+ which would
nominally give 3 µ B in 3d3 configuration. Previous reports on similar pristine MBE-grown Cr-doped
chalcogenide topological insulators generally show values between 1 - 2 µ B per Cr ion and a similar low
coercive field26.
In conclusion, ion beam modification using Cr can achieve a range of functions in Sb2Te3 including
forming amorphous layers and introducing high-temperature magnetic properties This demonstrates
strong prospects for engineering topological insulators to achieve surface-dominated transport effects. It
is anticipated that ion beam techniques can be applied to pattern topological insulator materials to locally
adjust surface-state transport. It will be advantageous in the future to study thinner flakes to achieve
5
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surface-dominated Anomalous Hall signals, and to explore the underlying physics of the magnetism using
polarised neutron reflectometry and X-ray magnetic circular dichroism.
Figures – attached separately. Captions are below.

Figure 1. Schematic of the synthesis steps used in this work. a) Initially, a c-axis orientated Sb2Te3 crystal was cleaved to reveal
a flat surface; b) The surface is coated using conformal atomic layer deposition of a TiO2 oxide c) A low energy ion beam is
used to implant the Cr through the oxide layer into the Sb2Te3 layer; d) Cross-sectional low-magnification HAADF image of
the TiO2/Sb2Te3 interface; e) Monte Carlo simulations predict that the majority of the chromium stops within 60 nm of the
Sb2Te3 surface; f) EDS elemental mapping in the STEM cross-section shows that Cr –distribution is in reasonable agreement
with the simulations; f) High-resolution STEM bright-field image reveals that, while the bulk of the Sb2Te3 (bottom) is
crystalline, the implanted region (top) is amorphous.

Figure 2. Cross-sectional STEM HAADF after in-situ heat treatment to 200 °C showing that the amorphous region
recrystallizes, however, crystalline defects are present. The inset shows High-resolution HAADF images of the quintuple layers
which confirm the orientation of the crystal and reveal the van der Waals gap together with the crystal structure of the trigonal
Sb2Te3 unit cell.

Figure 3. a) Cross-sectional HAADF image taken from a bulk sample after ex-situ heat treatment at 250 °C in a nitrogen
atmosphere. Crystalline quintuple layers are evident up to the surface; b) EDS mapping of the cross-section and associated line
profiles of the elements across the TiO2/Sb2Te3 interface; c) Magnetic hysteresis measurements of the heat-treated Sb2Te3
substrate compared with the unimplanted sample. The inset shows a diamagnetic-corrected hysteresis loop at 5 K. d) NEXAFS
spectroscopy at the Cr L2, 3 edges in total electron yield and fluorescence yield mode, revealing that the Cr3+ valence state is
present in the implanted sample.
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